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Abstract—Biped locomotion created by a controller based on  So we think simulation is a convenient tool in discussing

Zero-Moment Point [ZMP] known as reliable control method  complicated walking dynamics before realizing real robot’s
looks different from human’s walking on the view point that walking

ZMP-based walking does not include falling state. However, the . .
walking control that does not depend on ZMP is vulnerable As for walking control of the humanoid, ZMP-based

to turnover. Therefore, keeping the event-driven walking of Walking is known as the most potential approach, which has
dynamical motion stable is important issue for realization of been proved to be a realistic control strategy to demonstrate
human-like natural walking. In this paper, walking model  stable walking of actual biped robots, since it can guarantee
of humanoid including slipping, bumping, surface-contacting in5t the robots can keep standing by retaining the zero-

and point-contacting of foot is discussed, and its dynamical . I .
equation is derived by Newton-Euler method. Then, we propose moment point within the convex hull of supporting area [10],
walking stabilizer named “Visual Lifting Stabilization” strategy ~ [11]. Instead of the ZMP, another approaches that put the

to enhance standing robustness and prevent the robot from importance on keeping the robot’s walking trajectories inside

fallin_g_ down. Simula_tion results_indicate that this strategy helps  of a basin of attraction [12]-[14] including a method referring
stabilize pose and bipedal walking even though ZMP is not kept limit cycle to determine input torque [15].

inside convex hull of supporting area. These previous discussions are based on simplified bipedal
. INTRODUCTION models, which tend to avoid discussing the effects of feet
o slipping existing in real world. Contrarily to the above
walking in evolving repetitions so far. From a view pointreferences, a research [16] _has clearly po_inted put that
: al’ue effect of foot bears varieties of the walking gait. [17]

of making a stable controller for the bipedal walking base . . o ) .
. as discussed walking gaits in the assumption that walking
on knowledge of control theory, it looks not easy because

of the dynamics with high nonlinearity and coupled in_motlon has varieties resulted by its event-driven nature,

: : : . X . and the performances have been verified through real-robot-
teractions between state variables with high dimensions. | . . - .

S . : . walking experiments. However the humanoid’s model in [17]
Therefore how to simplify the complicated walking dynamics

to help construct stable walking controller has been studietjlooes not have ramification of legs and arms appearing at

. ) - L : : . .. waist and shoulder, where this presentation is based on a
intensively. Avoiding complications in dealing directly with . . .

. X L model including the ramifications. Our research has begun
true dynamics without approximation, inverted pendulum haTs

been used frequently for making a stable controller [l]_rom such view point of [16] as aiming at describing gaits

LT . L dynamics as correctly as possible, including point-contacting
[5], simplifying the calculations to determine input torque.State of foot and toe, slipping of the foot and bumping.

Further, linear approximation having the humanoid bemglowever our model differs from [16] and [17] in that it

represgnted by sim_ple inverted pendulum enables research&ggs leg model without body, on the other hand we discuss
Eg]reahze stable gait through well-known control strategy [G]Ehe dynamics of whole-body humanoid that contains head,

. . waist and arms. And that what the authors think more

There are two different approaches of humanoid researches . . . . X .
) . ; . . imMportant is that the dimension of dynamical equation will
such as a real experiment view point and simulation-base . . . - .
. ! ; . . change depending on the walking gait’s varieties, which has

one when discussing dynamical walking motion of robot : . ;

: : . : . . .~ been discussed by [18] concerning one-legged hopping robot.
Using software simulation, it may fall in meaningless dis-

cussions unless the dynamical model describes correctly tﬁséven as an example that heel be detached from ground while

real physical dynamical behavior. In line with this thinking|ts toe being contacting, a new state variable describing foot's

. . ~rotation would emerge, resulting in an increase of a number
way, we have discussed a dynamical model of humanoid

. o ; o . _— G state variables. In fact, this kind of dynamics with the
walking motion including slipping, bumping and tipping over _. . . )
; . . .dimension number of state variables varying by the result
[9]. Using correct model, simulations enables us to obtain, . . . .
. . . of its dynamical time transitions are out of the arena of
every piece of data without real sensors and can discuss

about phenomenon being hard to obtain from real machincontrol theory that discusses how to control a system with

e a. falling and crashing to floor when walkina and iumoin fixed states’ number. Further the tipping over motion has
9 9 9 9 UMPINGheen called as non-holonomic dynamics that includes a joint
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TABLE |

Head PHYSICAL PARAMETERS
Upper bod i . ) )
e pp: y Link l; m; d;
_ Upperam Head 024 | 45 | 05
Upperbody | 0.41 | 21.5| 10.0
W Lower arm Middle body | 0.1 | 2.0 | 10.0

Lower body | 0.1 2.0 | 10.0

Middle body
Upperarm 031| 23 | 0.03
Lower body
LN Hand Lower arm | 0.24 | 1.4 1.0
Waist Hand 0.18 | 0.4 2.0
\ Waist 0.27 | 2.0 | 10.0
Upper leg
Lower leg Upperleg 038 | 7.3 | 10.0
Lower leg 040 | 3.4 | 10.0
/ Foot
s 2 Foot 0.07 | 1.1 | 10.0
QO : Number of link ] : Number of joint ! Total 17 | 63.8

Fig. 1. Definition of humanoid’s link, joint and whole body

model [19], [20]. Meanwhile, [21] mentioned how to rep- defined as “supporting-foot” and another foot including link-
resent robot's motion contacting with environment that caii and link-8 is defined as “floating-foot” or “contacting-foot”
handle constraint motion with friction by algebraic equatioraccording to the walking state.

and applied it to human figures. Based on these references,

we derive the dynamics of humanoid being simulated 8- Model of Single-foot Standing

a serial-link manipulator having ramifications by Newton- Following by NE formulation [24]-[26], we first have to

Euler [NE] method like [22], in which the discussions areca|culate relations of positions, velocities and accelerations

leg model and the model has no ramification. between links as forward kinematics procedures from bottom
On the other hand, ZMP-independent walking is proposeghk to top link. Serial link’s angular velocityw;, angular

in this paper to realize human-like natural walking. Whemcceleratioric;, acceleration of the origifp, and accelera-

ZMP is to be on the edge of convex hull of foot, meaningjon of the center of mass; based or>; fixed ati-th link
the humanoid is in a state of tipping over, the gait deems e obtained as follows.

be unstable, we call this kind of unstable humans’ walking

as “natural” In line with achieving this natural gaits, we ‘w; =""'R] "lw;_; + e, q; 1)
propose a method_ to gnhance standing robust_ness named:;, — FIRT Tl + esdi + fws X (es,4s) 2)
“Visual Lifting Stabilization” strategy based on visual ser- . i il

voing concept, referring impedance control method [27]. We  P: = R; { Pio1t w1 X P
utilize real-time pose tracking method to observe an object i1 i1 i1 A

that is set in fror?t of the robgt to measure the robot's hi:ad Wi X (T wi X pi)} 3)
position/orientation based on the object through visual pose “5; = “p, + "w; x “8; + ‘w; x (‘w; x '8;) 4)
estimation [28], [29] during walking. Simulation results show ) ) . o

a certain effect that our visual lifting strategy helps realiz&lere, “"'R; means orientation mat”XZ:_l_Ai represents
stabilization of pose and bipedal walking that ZMP is noPosition vector from the origin ofi — 1)-th link to the one

kept within convex hull of supporting area, which seems t@f i-th, '3; is defined as gravity center position oth link
be “natural” ande,, is unit vector that shows rotational axis @th link.

However, velocity and acceleration of 4-th link transmit to
1. DYNAMICAL WALKING MODEL 9-th link and ones of 11-th link transmit to 12-th, 15-th and
, . o ) .18-th link directly because of ramification mechanisms.
We discuss a biped robot whose definition is depicted in After the above forward kinematic calculation has been

l'.:'?(‘ L (;I'z_ab_let I md]lc?a_test Iingthi [m]f,_r?_ass TI(I% [k?] gf done, contrarily inverse dynamical calculation procedures is
inks and joints’ coefficient of viscous frictios [N-m-s/rad], o eyt from top to base link. Newton equation and Euler

which are decided based on [23]. This model is simulated %%uation ofi-th link are represented by Egs. (5), (6) when
a serial-link manipulator having ramifications and represents’ . yafined as inertia tensor ofth link ’

rigid whole body—feet including toe, torso, arms and so

on—by 18 degree-of-freedom. Though motion of legs is if, — iRi+1i+1fi+1 +m;*3; (5)

restricted in sagittal plane, it generates varieties of walking ; iR it i i iT i
. . L. i = i i i Wi i X ("T'w;

gait sequences since the robot has flat-sole feet and kicking " 7“ f +1,1"+ zw + wi ( le )

torque. In this paper, one foot including link-0 and link-1 is +8i X (mi'8:) + 'Pipy X (‘Riga"™ fi1)  (6)
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Lifting Lifting > - 5 -
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: T Fig. 4. Example of jumping motion
Fixed Fixed

Fig. 2. Gaits including floating-foot

@ () (11), wherer(q) means the contacting-foot's heel or toe
position in Xy .

Point
contacting

Surface C(T(Q)) = { Cl(T(q)) ] = (11)

contacting
Then, robot’'s equation of motion with external forgg,
friction force f; and external torque,, corresponding t@’;
t ried Y riced andC, can be derived as:

Fig. 3. Gaits including contacting-foot . . .
M/(q)g +h(q,q) +g(q) + Dgq

On the other hand, since force and torque of 5-th and 9-th =T+defu—di fititm.,  (12)
links are exerted on 4-th link, effects onto 4-th link as:
. wherej,, j, andj, are defined as:
Ufa =R fs + R fo 4+ mais, ) Jerde S
‘ny ="Rs"ns + "Rong + I, s + *wy x (Y14 wy) i (acl)T<1/‘ aCy ) i = (m)% (13)
+ %84 x (ma*84) + P x (“R5° f5) ‘ 9q" orT() - oq” ) ||7||”
T
+4py x (*Ro%fy). 8 i _ (902 oC2
Py X ("Ro”fy) (8) Jr ((‘)qT 1/ ot |l ) (14)

Similarly, force and torque of 12-th, 15-th and 18-th links

transmit to 11-th link directly. Then, rotational motion equait is common sense that (i, and f, are orthogonal, and
tion of i-th link is obtained as Eq. (9) by making inner(ii) value of f; is decided byf;, = Kf,, (0 < K <1).
product of induced torque onto theth link’s unit vector Moreover, differentiating Eq. (11) by time two times, then

e, around rotational axis: we can derive the constraint condition &f
7= (ex)" "ni + dids. 9) aC; d (0C;
_ _ S _ ( T’)“+'T{( ;)q}zo (i=1,2) (15)
Finally, we get motion equation with one leg standing as: dq dq \ 0q

M(q)g+h(q,q) +g(q) + Dg=, (10) Should theg in Egs. (12), (15) be identical so the time
solution of Eg. (15) be under the constraint of Eqg. (11), then
the following simultaneous equation gt f,, and r, have

to be maintained during the contacting motion. Heftgand

where,M (q) is inertia matrix,h(g, ¢) andg(q) are vectors
which indicate Coriolis force, centrifugal force and gravity,
D = diagldy,ds, - ,dig] is matrix which means coef- 7, are decided dependently to make thén Eq. (12) and
ficients of joints’ viscous friction andr is input torque. Eq. (15) be identical.

If supporting-foot is surface-contacting and assumed to
be without slipping, joint angle can be thought gqs=

T T -T .
(g2, 43, - - ,q1s]T. This walking pattern is depicted in Fig. ag/f/(g)T ~Ge _Ojt K) _ST J?
2 (a). When heel of supporting-foot should detach from the 802/83T 0 0 T:

round before floating-foot contacts to the ground as shown . .
g 9 9 T —h(q,q) —g(q) — Dq

in Fig. 2 (b), the state variable fo; the foot's angje be (8 (0C .
added tog, thusq = [g1, 2, , qus]" - —| 9 \oq\aq7) (19 (16)
B. Model with Contacting Constraints —q" a% 2572‘ q

Giving floating-foot contacts with a ground, contacting-
foot like Fig. 3 appears with contacting-foot’s positien or Here,since motion of the foot is constrained only vertical
angleq. to the ground being constrained. When constraintgirection, walking direction has a degree of motion. That is,
of foot’s position and also foot’s rotation are defined@s contacting-foot may slip forward or backward depending on
andC,, respectively, these constraints are represented by BEfe foot's velocity in traveling direction.

9



TABLE I

I1l. WALKING GAIT TRANSITION
POSSIBLE STATES OF HUMANOIDS WALKING

Figure 5 depicts all possible gait transition of bipedal

SF_| FF Statevariables Constraint walking based on event-driven, which indicate that ap-
(Stop) propriate dynamics and variables are selected and applied
S F|lag=la -, an] Nothing according to the phase or state, which are listed in Table II.
s P | a=la - anl fn =0 In_the state that has ram|f|cat_|or_1 such as state (ll) in Fig.
s s [ Lf CnCo =0 5 into state (M) or (Ill), the gait is switched to next state

= s dnls Jny, Tn 3 = . s . . i A
4=z b in case that auxiliary switching condition written above the
P F la=la, - ql Nothing allow in the figure indicating phase transient is satisfied. In
P P | a=la1," g0, fn C1=0 the gait transition from (l11) or (IM) to (IV), supporting-foot
P S | g=lq,  ,qnls frns™n Cy, C23=0 is switched from one foot to the other foot with renumbering
(Slip) of link, joint and angle’s number. What the authors want
: to emphasize here is that the varieties of this transition
S F | a=1[yo0,q2," - ,qn] Nothing ; :
completely depend on the solution of dynamics shown as
S P | a=[y.q2, " anl fn C1=0 Eq. (10) or Eq. (16).
S S = ) s s dny Jny Tn C,C =0 . s
9=l @2, anl, ST b A. Heel's detaching condition
P F |l a=I[yo,q, - qn] Nothing » .
A condition that heel of supporting-foot detaches from the
Pl P la=hoa - amlf =0 ground in Fig. 5 (1), (I}, (Il1) to (1), (1), (111"} is discussed.
P S | a=1[yo, a1, sanl fr,Tn C1,02=0 For this judging,?f, and?n, calculated from Egs. (5), (6)
(Ain) in case ofi = 2 are used. Firstly, coordinates &f, and?n.
E F | a=[yo,20,q1, »an] Nothing represented by Fig. 6 (a) are converted frapto Xy Then,
-~ B projection toz-axis of the force and projection to-axis of
F P qf[y01207q17"'7Qn}7fn leo . . . T
3 - the torque are derived by using unit vectr = [1,0,0]
F S | a=1[0,20,q1, " sqn], fn, ™ | C1,C2 =0 ande, = [0,0,1]7 as: Vf. = el (WR22f,), "na, =

el (WRy2n,) like Fig. 6 (b).

Given that supporting-foot’s contacting points are to be
two of toe and heel as shown Fig. 6 (c), when forces acting
on the toe and heel are defined s f,, these forces must
satisfy the following equations.

Wty = fr + fr (17)
"o, = —fr-ly+ fr 1 (18)

We can calculatefy and f, as Eq. (19) and supporting-foot
begins to rotate around the toe like Fig. 6 (d) when value of
f- becomes negative.

w. w,
lr : f2z N2y

(front)

= 19
N Vi, _ _ S P PR S (19)
Fig. 6. Force and torque acting on supporting-foot .
B. Bumping
- _ When floating-foot attaches to ground, we need to consider
C. Unified dynamics bumping motion [16]. Figure 5 has two kinds of bumping

concerning heel and toe. We denote dynamics of bumping

As shown in Fig. 2, we distinguish contacting patterns by,eryeen the heel and the ground below. By integrating Eq.
changing the dimension of state variables. That is, althouqliz) underr,, = 0 in time, equation of striking moment can
we do not address the situation that supporting-foot slips, obtainednas follows. '

or both feet are in the air, Eq. (16) can also represent ) . P
these dynamics: adding position variable of walking direction M (q)q(t{) = M(q)q(t7) + (4. — d; K)Fim  (20)
Yo to g in Eq. (16) when supporting-foot begins slipping;eq. (20) describes the bumping inaxis of ¥y between
apd jumping motion b.y addmg further variable _of uprightine heel and the groundz(t}) and ¢(¢7) are angular
directionzo to ¢ when jumping represented by Fig. 4. velocity after and before the strike respectivel.,,, =

Table Il indicates all possible walking gaits regarding cony;,,, | ftf f,dt means impulse of bumping. Motion of

. . . . _ . it . ty —t] 7 n .

tacting situations surface contacting (S), point conta(_:tlnﬁ_'e robot is constrained by the followed equation that is given
(P) and Floating (F)—of supporting-foot (S.F.) and floating- y differentiatingC, by time after the strike
foot or contacting-foot (F.F.). The Table is basically dividedb '
into three blocks representing the gait’s varieties from a point %q(ﬁr) -0 (21)
of states of supporting-foot, such as, “Stop,” “Slip” and “Air.” dq

10



Un, : Velocity of foot

S : Supporting foot

—

Fig. 5. State and gait’s transition

o IZ y proportional tod«(t). The joint torquer,(t) that pulls the
xH robot’'s head up is given the following equation:
S, e
el J. E%J, rult) = Tu(@) K, 0 (1), (24)
--------------------- :I‘(;.\'r'\;"." :1:‘ _ where J}, is Jacobian matrix of the head pose against joint
visual S€f Static object angles and, means proportional gain similar to impedance

control. We use this input to compensate the falling motions
caused by gravity or dangerous slipping motion happened
unpredictably during all walking states in Fig. 5. Notice that
the input torque for non-holonomic joint like; (foot tip
joint), 7., in Tx(t) in Eq. (24) is to be set as zero since it
is free joint.

fv is force that lift up head to
prevent from falling down

Fig. 7. Concept of Visual Lifting Stabilization V. EXAMPLE OF BIPEDAL WALKING
Under the environment that sampling time was set as
Then, the equation of matrix formation in the case of heel’d.0 x 10~% [sec] and friction force between foot and the

bumping can be obtained as follows. ground asf; = 0.7f,, the following simulations were
conducted. In regard to simulation environment, we used
M(q) —(j: -3/ K) { q(th) } _ [ M(q)q(ty) } “Borland C++ Builder Professional Ver. 5.0” to make simula-
oqT 0 Fim 0 tion program and “OpenGL Ver. 1.5.0” to display humanoid's

(22) time-transient configurations.

We can derive the dynamics regarding the toe’s bumping. Analyses of walking motion

based on the similar above process. To realize bipedal walking, three kinds of input torques

1IV. VISUAL LIEFTING STABILIZATION were used. One is Eq. (24) for stabilization of pose. Al-

. . . . though t) can represent error concerning the humanoid’s
This section propose a vision-feedback control for improv; ghdw(t) eprese or concerning d

: - ) . - . "~ both position and orientation, only position was utilized in
ing humanoid’s standing/walking stability as shown in Flgthis case, sak, was set ask, — diag[20,290, 1100]7

_ H ) p P — b 9 .
7. We use a model. based matching method to Measure PeeLond is periodical input to thigh of floating-leg (joint-5)
of a static target object denoted ) pased orEH » which to make the leg step forward, which representedras=
represents the robotjs head. Thg desired re.latlve po%of 20 cos {27 (t — t2)/1.85}. The other is periodical input to
(reference target object’'s coordinate) anig is predefined roll angle of body (joint-11) to generate motion of arms
by Homogeneous Transformation 437'x. The difference '

of the desired head pos;, and the current poskly is 1 o PEREEC S8 7 e T b
denoted ag!Ty,, it can be described by: 2 pp g 9

are switched described in section Ill. However, input for
By (1), %(t) = TTr(w(t) - TR~ (,(t), (23) joint-1 was always set are zero like Fig. 12.

By the above inputs, the humanoid could walk as shown
where, although! T is calculated by () that can mea- in Fig. 8 and we got the following results: average length
sured by on-line visual pose estimation method [28], [29]of stride is 0.45 [m] and walking speed is 2.34 [km/h].
we assume this parameter as being detected correctly Atso upper body is inclined forward during walking because
this paper. Here, the force exerted on the head to minimizeead is pulled obliquely upward by Eq. (24). Figure 9 is the
Sp(t) = 1by(t) — 1(t) calculated fromT;,—the pose relation between anglg, and angular velocityj;o of waist.
deviation of the robot's head caused by gravity force andlthough both trajectories being close the same constant
walking dynamical influences—is considered to be directlgycle along with time passage, these trajectories in Fig. 9 are

11



attractors. We have not known whether these trajectories ar E
chaos or not. Further, Fig. 10 shows the relation betweer :
anglesgi2, q15 and angular velocitieg 2, ¢;5 of arms. Here,

q12 = q15 = 0.2 [rad] aﬂdqlg =q¢15 = 0.0 [rad/S] as initial
condition, then there was no input torque to arms and hands
while walking. However, amplitude of arms’s swing became
large spontaneously and converged to a certain amplitude and
period. Therefore, we can say that both arms’ swing were
caused by interactions of walking dynamics.

not limit cycle since trajectories have a certain width after ) ]
1000 walking steps, meaning these oscillations are strang x
A |

4 1 L~
o Ss &

)

Fig. 8. Screen-shot of bipedal walking

(a) Supporting-foot is right

B. Event-driven walking pattern

Angular velocity [rad/s]

Figure 11 shows state transition generated by the hu-
manoid’s dynamics, both feet's position itz plain and

displacement of ZMP during one walking step. In this ' T Anglefrad)
simulation, the humanoid walked in accordance with the _ _
following path: (I) — (I) — (II") — (1) — (IV) — (1) — 05 [ (b) Supporting-fooy s left

---. This transition was selected among all possible transient
in Fig. 5 by the solution of dynamics represented by Egs.
(10), (16), initial condition and input torque. That is, the path
of transition will be changed easily by these factors.

Moreover, Fig. 11 denotes that ZMP moves forward and
reaches the edge of supporting-foot while the other foot in
the air, meaning that the robot is tipping over, which does
not appear in ZMP-based walking. We think that this kind
of natural walking is caused by the effect of visual feedback
as shown in the following subsection.

Angular velocity [rad/s]

Angle [rad]
Fig. 9. Relation ofgi1o andqio

C. Effects of visual feedback VI. CONCLUSION

We assume that two patterns of supporting-foot's con- AS @ first step to realize human-like walking for com-
tacting and input torques based on Eq. (24). Since state Bfcateéd humanoid's dynamics, strict dynamical model that
Fig. 12 (a) meaning surface-contacting is thought to be gPntains flat feet including toe, slipping and bumping was
manipulator fixed at the ground as shown in Fig. 13 (a), it i§"€&€d in this paper. Then, we proposed Visual Lifting
clear that Eq. (24) can lift the robot's head up toward desiregt@bilization based on visual feedback as a strategy that
position. On the other hand, effectiveness of visual feedbad@¥€vents turnover generated by unpredictable slipping or
is unclear in toe-contacting phase because there is no inp{ftStable gaits. From simulation results, we confirmed that
to toe’s joint that means the robot's non-holonomic dynamic1® Proposed strategy can help realize a ZMP-independent
include constraint condition of toe’s joint. However, Fig. 13Valking and verified that walking period and feet's motion
(b) simulating the state of Fig. 12 (b) indicates that althougff the humanoid change by adjusting the strength of visual
one link corresponding to the foot falls by gravity, the otheré&€dback. Moreover, through the motion of arms and legs
are pulled toward the desired position. Therefore, we can s§pM transient state to steady state, we also verified that left
that visual feedback may make the whole dynamics stabff'd right arms’ swinging motion began spontaneously by
partially even though non-holonomic constraint be added td1€ internal dynamical interactions even though their input

Here, we discuss whether Eq. (24) makes the humanoid@raues of both arms are set to be always zero, converging
pose stable. By changing the value of feedback ddjn the © the same symmetric phase diagrams. _ o
strength of force lifting the robot's head is adjustable. Here, FOr this reason, we believe that this strategy will addition-
to verify some effects that the strength of visual feedbacf!lY contribute to analyze humanoid's motion for human-like
gives to the humanoid’s walking, we confirmed walkings by’iPedal walking.
using some kinds ofvk,, (« is weight coefficient). Figure
14 shows vertical position of center of foot’'s bottom face
from 10 to 20 [sec] and Table Il means maximum averagdll S-Kajita, M. Morisawa, K, Miura, S. Nakaoka, K. Harada, K. Kaneko,
of the position and period of walking according to the value  [inear mverted Pendulom Trackingproc. EBE/RSS International
of a. Whena is larger, walking period becomes longer and  Conference on Intelligent Robots and Systems, pp.4489-4496, 2010.
vertical position of the foot becomes higher, with the robot's[2] H. Dau, C. Chew and A. Poo, “Proposal of Augmented Linear
head puIIed strongly. Moreover, 1.82 < o < 1.06, the Inverted Pendulum Model for Bipedal Gait PlanninBroc. IEEE/RSJ

) ) ) ’ = International Conference on Intelligent Robots and Systempsl72—
humanoid could walk in our simulation conditions. 177, 2010.
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